ABSTRACT The RNA-binding N-terminal arm of the coat protein of cowpea chlorotic mottle virus has been studied with five molecular dynamics simulations of 2.0 ns each. This 25-residue peptide (pep25) is highly charged: it contains six Arg and three Lys residues. An a-helical fraction of the sequence is stabilized in vitro by salts. The interaction of monophosphate (Pi) ions with pep25 was studied, and it was found that only two Pi ions are bound to pep25 on average, but water-mediated interactions between pep25 and Pi, which provide electrostatic screening for intrapeptide interactions, are abundant. Shielding by the Pi ions of repulsive electrostatic interactions between Arg sidechains increases the a-helicity of pep25. A hydrogen bond at the N-terminal end of the a-helix renders extension of the a-helix in the N-terminal direction impossible, in agreement with evidence from nuclear magnetic resonance experiments.
INTRODUCTION
Cowpea chlorotic mottle virus (CCMV) is a spherical plant virus of the group of bromoviruses. It consists of ribonucleic acid (RNA) surrounded by 180 identical, icosahedrally arranged protein subunits (Dasgupta and Kaesberg, 1982) . The virus particle can easily be dissociated and reassembled in vitro by changing pH and ionic strength (Bancroft and Hiebert, 1967) . The highly positively charged N-terminal arm (six Arg and three Lys) consisting of the first 25 amino acids of the coat protein has been found to be essential for binding the encapsulated RNA (Vriend et al., 1981) . Based on nuclear magnetic resonance (NMR) experiments and secondary structure predictions, Vriend et al. (1982 Vriend et al. ( , 1986 proposed a "snatch-pull" model for the assembly of CCMV coat protein and RNA. In this model the N-terminal region of the coat protein changes from a random coil conformation into an a-helical conformation located between Arg-1O and Asn-20 on binding viral RNA. Chemical synthesis of the pentacosapeptide pep25 that contains the first 25 Nterminal amino acids of CCMV coat protein (ten Kortenaar et al., 1986) permitted detailed spectroscopic studies to test the snatch-pull model. Circular dichroism experiments showed that addition of inorganic salts to pep25 results in an increase of a-helix content, especially in the presence of octadecaphosphate (van der Graaf and Hemminga, 1991) . A two-dimensional 1H-NMR study of pep25 indicated the presence of a conformational ensemble consisting of helical structures rapidly converting into more-extended states . The helical region is found to be situated between Thr-9 and Ala-17, which agrees remarkably well with the secondary-structure predictions (Vriend et al., 1986 (Vriend et al., , 1982 . This NMR work has been extended by distance geometry calculations of pep25 in the presence of tetraphosphate (Pi4) , which yielded eight structures belonging to two structure families. The first family consists of five structures with an a-helixlike conformation in the middle of the peptide, and the second family consists of three structures with a more open conformation. Although the occurrence of two structure families suggests that even in the presence of Pi4 the peptide is flexible, its tendency to form an a-helical conformation on binding of phosphate groups is suggested to play an essential role in RNA binding .
It is well known that changes in the environment of a polypeptide chain can induce changes in the conformation (Timasheff, 1992) , for example, the unfolding of proteins induced by urea (Sijpkes et al., 1993) or the promotion of a-helix content by alcohols (Brooks and Nilsson, 1993) or phosphate ions (van der Graaf and Hemminga, 1991) . The precise mechanism of the action is not known; therefore it is interesting to study the binding of small molecules to polypeptides. Theoretical methods such as molecular dynamics (MD) simulations are very attractive tools for these studies because they can give atomic detail on a time scale (nanoseconds) that is relevant for the motion of these small molecules. MD simulations were used previously to study the influence of trifluoroethanol and other alcohols on the structure of peptides (de Loof et al., 1992; Brooks and Nilsson, 1993; Kovacs et al., 1995) , and simulations of protein unfolding are quite common (Mark and van Gunsteren, 1992; TiradoRives and Jorgensen, 1993; Caflisch and Karplus, 1994) . The effect of salts on the structure of peptides has also been studied by simulation techniques (Smith and Pettitt, 1991b; Smith et al., 1993) . Refinement of protein structures based on NMR or x-ray data is a very important application of MD, and many methodological improvements are still being developed (van Schaik et al., 1993; Clarage and Philips, 1994; Fennen et al., 1995) . In the context of structure determination, pep25 is a very challenging case: there is a large amount of experimental data from NMR and circular dichroism (CD) spectroscopy, but the structure is not known in atomic detail. The conformation of pep25 is influenced by the addition of phosphate ions; both concentration and chemical composition of the phosphate molecules are important for the structure of pep25 . It is important to note that a-helical structure is induced in pep25 not only by neutralization or shielding of the charged residues but also by specific interaction of phosphate groups with the peptide. Experimental results have shown that in the presence of phosphates the a-helix content is slightly larger than with other salts and that the use of longer phosphate chains, resembling RNA, drastically increased the a-helicity .
Here we have attempted to model pep25 by simulations in the presence of monophosphate (Pi) ions. The questions that we will address are the following: 1) Where do phosphate ions bind to the peptide? 2) Which part of the peptide is a-helical in the presence of phosphates? 3) How stable is the a-helix in the simulation? 4) Why does the a-helix not extend in the N-terminal direction from Arg-10?
We will emphasize the comparison of simulation data with experimental data, such as 1H, chemical shifts and a-helicity (corresponding to ellipticity from CD measurements). For comparison, we also performed simulations of pep25 without counterions and of pep25 in the presence of a Pi4 molecule and in the presence of a Pi8 molecule, although these simulations suffer from methodological problems, in particular in the treatment of electrostatic interactions (Smith and Pettitt, 1991a) and in the limited sampling of phase space.
METHODS
Starting structure for pep25
The peptide pep25 resembles the N-terminal arm of the CCMV coat protein; its sequence is given in Table 1 . As a starting structure for our simulations we used the distance geometry structure with the largest number of a-helical residues (structure 3 of (Berendsen et al., 1984) . The time step was 1 fs in all vacuum simulations. All bonds were constrained to their equilibrium length by the SHAKE algorithm (Ryckaert et al., 1977 and -18. To keep things simple for Pi8, we manually docked one Pi8 at approximately the same position that Pi4 has in the starting conformation described above, using the Quanta software package (MSI, 1994) . We refer to the simulations with these large phosphate chains as Sim Pi4 and Sim Pi8, respectively.
Solvation of peptides
For the simulation of pep25 in aqueous solution the peptide was solvated in a box of simple point charge water (Berendsen et al., 1981) (Spera and Balx, 99 Gsapav andit Case, 1991 : Williamson artid Asaikura. 1993 : Case, 1995 OA is the alcohol oxygen, OM is the "charged" oxygen, OS is the ether oxygen (these names correspond to the GROMOS atomtypes). Counting from the central ether oxygen (OS), the OS-P-OS-P dihedral angles are 147 and 222 altematingly. The parameter bo is the bond length, 00 is the bond angle, 4o
is the dihedral angle, kb is the force constant for bond stretching (in kJ mol-' nm-2), ke is the force constant for angle bending (in kJ mol-F rad-2), k4, is the force constant for the torsion potential (in kJ mol-'), the multiplicity np,, in the dihedral potential is the number of minima in the potential on the interval of 0 to 3600.
(1995) and the old standard of Bundi and Wuthrich (1979) , although the differences for Ha protons are not large. GA is the alcohol oxygen, GM is the "charged" oxygen, OS is the ether oxygen; these names correspond to the GROMOS atomtypes. Bond lengths, angles, dihedrals, and force constants are taken from the Pi4 geometry (see Table 4 ).
RESULTS
Nevertheless, we can calculate a number of average properties from the simulation trajectories. Comparison with experimental data should then point out whether (part of) the simulation data is physically meaningful.
ei-Helicity
The first quantity that we analyzed is the a-helicity, which corresponds to the ellipticity at 222 nm as measured by CD experiments. The a-helicity is computed from Ramachandran angles according to a formula of Hirst and Brooks (1994) . We plotted the fraction of time during which each residue is in an a-helical conformation in Sim W, Sim 9Pi-D, and Sim 9Pi-R (Fig. 2) C tion of residue number is the sharp decrease at Arg-10 followed by a slow increase to values near 0 ppm (Fig. 3) .
The sharp decrease at Arg-1O has been interpreted (together with nuclear Overhauser-effect data) as the start of the a-helical region of pep25. We calculated the 'Ha, chemical shifts from our trajectories of Sim 9Pi-D and Sim 9Pi-R, using the method of Willamson and Asakura (1993) , and averaged the shifts over time (Fig. 3) After 1000 ps in Sim W the N-and C-terminal ends of pep25 have begun to collapse on top of the a-helical region, a process that continues until the end of the simulation. After 2000 ps the backbone is curled up, and all charged residues are pointing outward. Strangely, the a-helix seems not to be affected to a large degree, and a fair amount of a-helix is present in the end structure of Sim W. In Sim 9Pi-D four of the Pi molecules are initially located close to the a-helical region. The peptide seems to behave more as one would intuitively expect: it stretches (at 1000 ps) and then contracts again (2000 ps). The Pi ions are swarming around pep25; they seem not at all tightly bound. In both Sim 9Pi-D and Sim 9Pi-R the a-helix deforms somewhat, but the final structures are still more-or-less a-helical. A revealing view of a protein or peptide simulation is a plot of the secondary structure as a function of time. In Fig. 5 we have plotted the secondary structure, calculated by the DSSP program (Kabsch and Sander, 1983 
Binding of Pi to pep25
We have analyzed the binding of Pi molecules to pep25 in detail. In Fig. 6 we have plotted the distance from each At a more detailed level, a radial distribution function (RDF) can give information about the environment of individual atoms; it can be used to study hydrogen bonding, salt bridges, and liquid structure in general (Allen and Tildesley, 1987) . The RDF is defined as the local density of a certain group of particles around a central particle, and it can be averaged over multiple central particles. In Fig. 7 we have plotted the radial distribution of phosphorus atoms around proton donor groups in pep25. For the central particles we used the proton donor atoms rather than the hydrogen atoms to reduce noise from small fluctuations. The peak around the neutral groups of Ser/Thr and Asn/Gln is much higher than the one around any of the other groups in Sim 9Pi-D, but this is not so for Sim 9Pi-R. From this we can conclude two things: the Pi ions starting from random positions do not find the neutral groups, and, once Pi binds to these groups, it binds tightly. The Arg and Lys RDF plots are very long-range electrostatic interactions are strong enough to attract the Pi ions from their random starting positions in Sim 9Pi-R. The graphs also show a pronounced second peak, which may be due to neighboring residues but also to water-mediated hydrogen bonds.
Some special hydrogen-bond configurations between pep25 and Pi molecules are plotted in Fig. 8 . An extended hydrogen-bonding network occurs among Arg-10, Arg-14, and a Pi molecule. Triple hydrogen bonding occurs for Lys-7, Arg-14, Lys-19, and Pi. Although double hydrogen bonds are not particularly abundant, bifurcated hydrogen bonds (one acceptor and two donors or vice versa) can be found quite frequently. The average number of pep25-Pi hydrogen bonds, including multiple hydrogen bonds with one residue, is 4.6 for Sim 9Pi-D and 3.9 for Sim 9Pi-R; the average number of Pi ions that are hydrogen bonded to pep25 is 2.3 for Sim 9Pi-D and 1.3 for Sim 9Pi-R. We see from this that every Pi that is bound to pep25 makes, on average, two hydrogen bonds with it in Sim 9Pi-D and three hydrogen bonds in Sim 9Pi-R.
Hydrogen bonding involving Thr-9
The hydrogen-bonding network around Thr-9 deserves special attention because Thr-9 is one of the key residues in the snatch-pull model for RNA binding (Vriend et al., 1986) .
Hydrogen bonds from backbone as well as from the sidechain of Gln-12 to the Thr-9 sidechain occur in Sim 9Pi-D. A simultaneous hydrogen bond of the Gln-12 sidechain to the Lys-7 backbone further stabilizes this hydrogen-bond network. Although this network is found only at the very end of the simulation (1900-2000 ps), we did also observe a hydrogen bond between Gln-12-NH and Thr-9-Oy (1300-2000 ps). For the rest of the simulation the amino group of the Gln-12 side chain is hydrogen bonded to its own backbone atoms or to those of residues further back in the sequence (Leu-8-O, Lys-7-O, Thr-5-0). Gln-12-OE1 is hydrogen bonded to its own backbone, NH, or to other backbone and sidechain atoms (Arg-13-NH1, Arg-13-NH2, Ala-17-NH). Hydrogen bonds are also observed between the backbones of Leu-8 and Gln-12 from 0 to 800 ps and of Thr-9 and Arg-13 from 1300 to 2000 ps. In effect, the latter hydrogen bond implies an extension of the a-helical conformation towards the N-terminus.
Charge-charge interactions
In Sim 9Pi-D we have not only the attractive interactions between Pi and peptide but also repulsive interactions between Pi molecules mutually and between charged sidechains of Lys and Arg residues. These interactions can cause problems when they are simulated with a cutoff radius. What typically happens is that two charges of the same sign repel each other until the distance is larger than the cutoff. After that, both charges diffuse randomly until the distance again becomes smaller than the cutoff. When (Kraulis, 1991) and Raster3D (Bacon and Anderson, 1988; Merritt and Murphy, 1994 (Berendsen, 1993) . Therefore we used only the simulations with 1.8-nm long-range interactions for our analysis. In the RDF of is only a small effect, and the peak at 0.7 nm is significantly ial distribution function of Pi-P around Pi-P in Sim higher and broader. This means that the Pi ions supply an in) and of Arg-CZ around Arg-CZ (gczcz, top). Rc is effective screening of electrostatic interactions for the Arg- 
DISCUSSION
The 25 residue N-terminal fragment (pep25) of the coat protein of CCMV is a heavily charged peptide (+9). It is not visible in the electron density of the crystal structure (Speir et al., 1995) which was determined by use of the symmetry of the spherical virus coat that contains 180 icosahedrally arranged protein monomers. NMR has shown that the first eight residues of pep25 as part of the intact coat protein are mobile in empty viral capsids (without RNA), whereas the remainder of the peptide shows a measurable deviation from random coil 'Ha chemical shifts that is that of very similar to the isolated pep25 (van der Graaf et al., 1991). NMR and CD spectroscopy has revealed that the isolated peptide in solution has a tendency to form a-helices in the presence of phosphate ions (van der Graaf, 1992). In those experiments, different phosphate molecules were used as a model for RNA, to which pep25 is known to bind in the intact virus particle (Vriend et al., 1986) . We performed MD simulations to study the interaction of monophosphate (Pi) ions with pep25 as a step toward a deeper understanding of pep25-RNA binding inside the virus particle. Although our study is not intended as structure refinement, we did compare the MD trajectories with experimental data to determine whether our results are meaningful in the biological context of the pep25-RNA interaction. Three of our simulations, Sim W, Sim Pi4, and Sim Pi8, suffer from methodological problems. In Sim W the absence of counterions induces large repulsive forces among the nine charged residues. This problem is slightly reduced for Sim Pi4; the Pi4 molecule provides some electrostatic screening, but there still is a net charge of +5 in the system. Both Sim Pi4 and Sim Pi8 suffer from another problem: The absence of electrostatic screening from other ions forces pep25 and the phosphate group to maximize their interaction. In the case of Sim Pi8 all secondary structure in pep25 is lost after 1000 ps because of this effect. In Sim Pi4 this effect results in partial loss of a-helical structure, and the termini of pep25 fold around the Pi4 molecule. Although the conformations that occur in Sim W, Sim Pi4, and Sim Pi8 are not impossible, they do not seem very probable. The electrostatic screening problem is amplified by the use of a cutoff for electrostatic interactions. The cutoff effect is more serious for the Pi8 and Pi4 molecules than for either Pi or pep25, because the latter two molecules carry a higher charge than Pi and are more rigid than pep25; the charges are also more concentrated in Pi4 and Pi8 than in pep25. Both rigidity and charge density of Pi4 and Pi8 will probably induce a large effect on the surrounding water molecules. Another, minor, cutoff effect is observed in Sim 9Pi-D: When a Pi molecule is farther away than the cutoff distance from pep25, it no longer feels the attractive forces exerted by the positively charged residues. However, it may feel the repulsion of the Pi molecules that are still close to pep25. Therefore Pi ions that are far away from pep25 will have a low probability of approaching pep25. One can of Pi that is outside the cutoff from pep25. By integration of the radial distribution function of Pi around pep25 from the cutoff to infinity we estimate that on average 3.5 of 9 Pi ions in Sim 9Pi-D do not see pep25. The result of this will be a reduced electrostatic screening of intrapeptide interactions.
Some methods, such as Ewald summation (Allen and Tildesley, 1987; Smith and Pettitt, 1991a) and particleparticle, particle-mesh (Hockney and Eastwood, 1981; Luty et al., 1994) , are available to treat long-range electrostatic interactions in MD simulations, but none of these methods has, to our knowledge, been implemented on the messagepassing parallel computers (Bekker et al., 1993; Berendsen et al., 1995) that we need to perform these long simulations. Therefore we are currently working on an improved longrange electrostatics treatment based on a Poisson solver (Berendsen, 1993) that can be implemented on our parallel computers. Until such a method becomes available we believe that our simulations are state of the art in the field of peptide simulations, because they cover a relatively long time (2.0 ns) and were performed with a relatively long cutoff of 1.8 nm. Although there still is a cutoff effect in Sim 9Pi-D, the radial distribution function of Arg-CZ around Arg-CZ (Fig. 9) shows that the positively charged Arg sidechains can approach one another more often owing to the electrostatic screening by the Pi ions. Fig. 9 also shows that the strength of the cutoff effect (the height of the peak at the cutoff length of 1.8 nm) is reduced by the addition of counterions in both Sim 9Pi-D and Sim 9Pi-R.
It should be noted that the pep25 concentration in our simulation is only a factor of 2.5 higher than in the NMR experiments that were done at a peptide concentration of 7 mM (corresponding to a peptide:water ratio of 1:7850, whereas we have 1:3264 in Sim 9Pi-D). This means that interactions among different pep25 molecules will often occur and also that interactions between pep25 and multiple phosphate molecules are very likely. The latter point is supported by experiments that show that an increase of the Pi concentration leads to larger a-helicity of pep25 (van der Graaf and Hemminga, 1991), which can be explained only by more interactions. With pep25 and Pi in a test tube there will always be Pi molecules in every direction around a pep25 molecule. This was also the case for Sim 9Pi-D and Sim 9Pi-R, for which one pep25 molecule was surrounded by nine Pi molecules. Hence, the sampling problem that is apparent in the other simulations does not affect Sim 9Pi-D. Therefore we conclude that these simulations are good enough for at least a qualitative interpretation of the data.
Correspondence with experimental data
We compared our simulation data of pep25 in Sim 9Pi-D with the relevant experimental data. The correspondence between CD spectroscopy and a-helicity in Sim 9Pi-D (Table 6 ) is remarkable. It should be kept in mind, however, that the result is biased by the starting structure, which contains a rather long a-helical part. The same reasoning van der Spoel et al. 2929 assess the extent of this effect by calculating the percentage can also be applied to justify the results: Inasmuch as we remain relatively close to the starting structure (which was derived from experimental data) our simulation is sampling the configurational space close to a relevant structure.
Good qualitative agreement between measured and calculated 'Ha chemical shifts was found. The trend of the experimental data is reproduced (Fig. 3) , although there is no quantitative agreement. In particular, the ten N-terminal residues deviate from the experimental data; part of this effect may be caused by binding of Pi to the Thr-2 and Thr-5 sidechains and to interactions of Pi with backbone atoms (Fig. 6) . Because the experimental data show that this region of the peptide is in a random coil conformation (van der Graaf, 1992), the larger deviation indicates that the first 10 residues have too much secondary structure in Sim 9Pi-D. From the secondary structure plot (Fig. 5) and from the Pi binding plot (Fig. 6 ) it can be seen that the amount of secondary structure in the first 10 residues is reduced when no Pi is bound to it (after 1000 ps (Fig. 3) , such as the peak at are reproduced very well in Sim 9Pi-R, the overall correspondance with experiment is not good; in particular, there is a strange peak at Ala-15. This peak corresponds to a dip in the a-helicity curve at Arg-14 (Fig. 2) . When the peptide is a-helical there is substantial repulsion between static screening, as in the beginning of Sim 9Pi-R when the Pi ions are far away from the Arg residues. Breaking of the a-helix may be the simplest way to increase the distance between the positively charged residues, thereby facilitating water insertion into the backbone (DiCapua et al., 1990) .
Interactions between Pi and pep25
All interactions between pep25 and Pi are largely electrostatic in nature. Nevertheless, it is useful to distinguish a number of different types of interaction: hydrogen bonds between Pi and pep25 backbone, hydrogen bonds with neutral-hydrogen-bond-forming sidechains, and ionic interaction between Pi and charged sidechains. The last-named type is essentially different because of its long-range nature. Direct hydrogen bonds between Pi and uncharged sidechains (Ser, Thr, and Asn) seem to be relatively strong once they have been formed (Fig. 7) . However, in Sim 9Pi-R, for which such interactions are not formed initially, the Pi ions do not "find" the uncharged sidechains in the 2.0-ns simulation. Thus we cannot draw any conclusions on the amount of Pi around these sidechains, because our simulations have not converged. For Pi binding to charged Lys and Arg sidechains, in contrast, we do find converged RDF plots (see Figs. 7 and 9). We also plotted RDFs for the first and last nanoseconds of our simulations (data not shown). In this case there was no convergence between the simulations and no convergence between first and last nanoseconds of our simulations either. From these findings we conclude that the 2.0-ns simulation is the smallest simulation time that is long enough for sampling of charge-charge configurations. One can expect that the sampling will be worse when fewer ions are used and vice versa. To obtain a proper sampling of the interactions between Pi and the neutral sidechains probably requires a simulation time that is an order of magnitude larger than the 2.0-ns time that we used. Another feature of the RDFs is that both Arg and Lys have a broad distribution of Pi (Fig. 7) and a large secondary peak, corresponding to water-mediated hydrogen bonds, which is virtually absent in the other RDFs. The observation that Pi interacts with pep25 mostly through water-mediated hydrogen bonds is similar to what was found in a simulation study of Enkaphalin in 1 M acetate solution (Smith et al., 1993 , 1992) . We did indeed find hydrogen bonds between the Gln-12 sidechain and backbone and the Thr-9 sidechain. These hydrogen bonds were not present in our starting conformation but were formed during the simulation. Interestingly, a hydrogen bond between Thr-9-CO and Arg-13-NH was found from 1300 to 2000 ps simultaneously with the Thr-9-Oy to Gln-12-NH hydrogen-bond, whereas neither the DSSP program (Kabsch and Sander, 1983; Fig. 5) nor the Ramachandranangle-based criterion of Hirst and Brooks (1994; Fig. 2) determined Thr-9 to be in an a-helical conformation. Arg-10, however, is in a-helical conformation from 1340 ps to the end of the simulation. The 4 angle of Arg-10 changes from +60 to -60, entering the a-helical region of the Ramachandran plot shortly after the Thr-9-CO to Arg-13-NH hydrogen bond is formed. In contrast, the Thr-9 residue is found to be in the ,B-sheet region of the Ramachandran plot with a positive 4' angle. Therefore we conclude that indeed Thr-9 and Gln-12 are involved in a start of the a-helix and that the a-helix cannot extend in the Nterminal direction because of the "wrong" l/qi angles of residue Thr-9. A nuclear Overhauser-effect connectivity daN between Thr-9 and Ala-11 that was found by NMR experiments (van der , is also present in Sim 9Pi-D: Thr-9-Ca and Ala-Il -H are never more than 0.4 nm apart.
CONCLUSIONS
Of the five MD simulation that we performed, Sim 9Pi-D is the best one in methodological terms. We have shown that for this simulation there is at least qualitative agreement with experimental 'H,, chemical shift data and a-helicity from CD experiments. The interaction between Thr-9 and Gln-12 that was suggested on the basis of chemical shifts was indeed found. Because of this interaction the 4)/i angles of residue Thr-9 are not a-helical, thereby prohibiting a-helix extension in the N-terminal direction. The hydrogen bond between Thr-9 and Gln-12 probably induces a transition of Arg-10 to the ac-helical region of the Ramachandran plot. In our simulation the region from residue Arg-1O through Lys-19 is the a-helical part, which corresponds very well to experimental results (van der 
